This paper presents an investigation of the shear carried by fibers of fiber reinforced concrete (FRC) beams consisting of various types and combinations of fibers, and a proposal of the predictive equation for their shear capacity. Eight FRC beams with stirrups were tested by four-point bending. The testing program employed five fiber types (30-mm steel, 60-mm steel, polypropylene, polyvinyl alcohol and polyethylene terephthalate) and three combinations of hybrid fibers. The stress transferred across a diagonal crack was investigated using crack surface displacement and tension softening curve. The stress was significantly affected by the material types and combinations of fibers. The stress and the angle of the diagonal crack increased with the increase in fracture energy, whereas the diagonal crack length decreased. On the other hand, the angle of principal tensile strain did not significantly vary in the range of study. The shear carried by fibers was investigated from the stress and area of the crack surface. Good correlation between test results and calculated results was observed. In addition, a simplified equation of shear carried by fibers, involving fracture energy, stirrup ratio and effective depth, was formulated. Finally, a predictive equation for shear capacity of FRC beams was proposed and validated with 43 FRC beams. The proposed equation gave good prediction for FRC beams with various types and combinations of fibers.
INTRODUCTION
The addition of short discrete fibers to concrete has been known to increase the shear strength of fiber reinforced concrete (FRC) members, as reported by a number of researchers 1) -14) . The fibers are therefore able to replace some of the vertical shear reinforcements in the structures, resulting in time and cost savings over the shear reinforcements. Furthermore, the reduction of stirrups reduces the problems involved with the congestion of shear reinforcements. Most research works, however, have focused exclusively on steel fibers 1) -10) . Experimental investigations and proposed equations have been published for steel fiber reinforced concrete beams and mainly without stirrups 1) -10) . Recently, synthetic and hybrid fibers have become more attractive because of their effectiveness in improving shear strength 11)-14) and their lower cost compared with that of steel fibers. Nevertheless, the Japanese design guidelines for steel fiber reinforced concrete piers 15) have recommended an equation to calculate the shear capacity of FRC beams with only steel fibers. There is a lack of guidelines for the design of FRC beams with various types of fibers. This is because the influences of steel, synthetic and hybrid fibers on the shear resisting mechanism of FRC beams with shear reinforcements have not been completely understood.
In past researches, investigations on shear behavior of FRC beams with synthetic fibers have been conducted 11)-14) . Empirical equations have been proposed by Li et al. 11) and Greenough and Nehdi 13) , whereas an analytical model has been proposed by Nonghabai 12) . These equations and models, however, were formulated based on limited kinds of fibers and without shear reinforcements.
In the authors' previous research 16) , a method to evaluate the shear carried by steel fibers of FRC beams with stirrups was proposed. The proposed method considered the post-cracking behavior of FRC beams with stirrups by applying the concept of fracture mechanics with the shear behavior of FRC beams. The tension softening curve-one of the parameters in fracture mechanics-was used to explain the post-cracking behavior of FRC beams. The stress transferred across the diagonal crack of the FRC beams was calculated using the relationship between the tension softening curve and crack surface displacement, which was the total displacement of the crack in the direction of the principal tensile strain. The method can evaluate the shear carried by steel fibers with high accuracy. Nonetheless, the various types and combinations of fibers had not been considered.
The objectives of this present study are a) to investigate the shear carried by various fibers of FRC beams with stirrups by using tension softening curves and b) to propose an equation of shear capacity for covering a wide range of fiber types. A total of eight FRC beams with various types and combinations of fibers were tested. The method to evaluate the shear carried by fibers using tension softening curves 16) was verified to confirm the applicability of those curves for investigating the shear capacity of FRC beams with stirrups and various fibers. Moreover, a simplified equation of shear carried by fibers based on tension softening curves was formulated. Finally, an equation for predicting the shear capacity of FRC beams was proposed. The predictive equation presented in this paper will be useful to facilitate the improvement of the design equation for shear capacity of various FRC beams for promoting the wide use of FRC.
EXPERIMENTAL PROGRAM OF FRC BEAMS (1) Materials
The concrete used to prepare the beams was made from high-early strength Portland cement, fine aggregates, coarse aggregates and a high-performance air-entraining (AE) water-reducing agent. Table 1 shows the mixture proportion for the concrete. The concrete was designed with an average 7-day age strength of 50 MPa.
Five fiber types and three combinations of fibers were incorporated into the concrete, including steel, synthetic and hybrid fibers, as summarized in Table  2 . Pictures of steel and synthetic fibers are shown in Fig. 1 .
During the mixing of the concrete, fibers were ------1012  328  60-PP SF60 and PP  ------30-60 SF30 and SF60  ------* added and dispersed uniformly. The superplasticizer was used to improve the workability of fresh concrete. The amount of superplasticizer was slightly different depending on the types of fibers. For the mixes of SF60 and PP, additional superplasticizer (i.e., total superplasticizer = 5.7 kg/m 3 ) was used to obtain the similar slump of concrete with other fibers. Satisfactory workability was achieved in all specimens. The average slump was 18 cm. There was no significant difference in workability among all specimens. The distribution of fibers was found to be uniform and the fiber randomly oriented in the concrete. Also, no fiber balling was observed. After mixing, the concrete was cast in steel molds and compacted with an electric vibrator.
Two longitudinal reinforcing bars were made of deformed steel having a 25.4-mm nominal diameter (D25, A s =506.7 mm 2 ). Stirrups made of deformed bars of 6.35 mm in nominal diameter (D6, A w =31.7 mm 2 ) were arranged as the shear reinforcement. The yield strengths of these bars are listed in Table 2 . Two round bars of 6-mm diameter (∅6, A ' s =28.3 mm 2 ) were used as compression bars.
(2) Specimen cases and fabrication Eight FRC beams with different types of fibers were prepared. Table 2 lists the details of tested specimens. The specimens were named according to types of fibers used in the beams. The total volume fraction of fibers (ρ f ) was equal to 1.0% of the full volume of the concrete in all specimens. Figure 2 shows the dimension and reinforcing bar arrangement of an FRC beam. The shear span (a) was 700 mm and the effective depth (d) was 250 mm. The ratio of shear span to the effective depth (a/d) was 2.8. The longitudinal reinforcement ratio (p v ) was 2.7%. All specimens were controlled such that they would fail in the left shear span; this was done by providing fewer stirrups in the left shear span, as shown in Fig. 2 . The stirrup ratio in the test span (r w ) was 0.30% in all specimens. The stirrup spacing (s) was designed to be 140 mm. This was because the limitations of the diameter of the stirrups and specimen size controlled the spacing. The use of stirrups, which are smaller than D6, is not preferred. Nonetheless, with this spacing, the stirrups still functioned as the shear reinforcement because the diagonal crack passed through the stirrups in web concrete in the test shear span.
(3) Loading method
Specimens were subjected to a four-point bending with a simply supported condition, as illustrated in Fig. 2 . Steel plates were placed on the pin-hinge supports and loading points.
(4) Measurements
The measuring parameters were the applied load, displacements at mid-span and supporting points using four transducers, and the strain of the longitudinal reinforcing bars and stirrups. The strain of the longitudinal bars was measured at mid-span using strain gauges, whereas the strains of stirrups were measured at the locations where the diagonal crack was expected to occur, as shown in Fig. 2 .
Crack surface displacement (u) and the angle of principal tensile strain (β) were measured from the image analysis system developed by Higashi et al. 17) . Crack surface displacement (u) is defined as the total displacement of cracks in the direction of principal tensile strain (β), which is the direction of the crack's movement, as shown in Fig. 3 . To analyze the image, red targets 5-mm in diameter were attached to the specimen surface with an interval of 20 mm. During the loading test, photographs of the specimens were captured for every 5 kN of shear force by using three digital cameras fixed on tripods, as presented in Fig.  4 . In addition, near the peak load, the photographs were captured with short time intervals to capture the exact behavior at the peak. The image analysis system can investigate the coordinates of the red targets throughout the test span. As a result, u and β can be calculated. Watanabe et al. 18) concluded that there was less than 0.03 mm in gap between the displacement measured from π gauge and from the image analysis. This variation was insignificant.
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Furthermore, β was calculated from the displacement of nodal points whose error was slight; therefore, the variation in β was negligible.
Moreover, the length (L) and angle (θ) of the diagonal crack were measured from the visible diagonal crack at the peak load using the software system, which supports analytical functions ranging from image measurement to statistical data processing. Calibration was performed to define the length of one pixel in the image for converting the measurement data in pixels to actual lengths.
TENSION SOFTENING CURVES
Tension softening curves were used to investigate the stress transferred across the diagonal crack of FRC beams. The curves were obtained from the bending tests of notched beams with a dimension of 19) .
Divided layers
Compression bar
100 × 100 × 400 mm, following the standard of the Japan Concrete Institute 19) . The mixture proportion for concrete, the volume fraction and the types of fibers used in the notched beams were the same as those of the FRC beams.
Four notched beams were tested for estimation of one tension softening curve 19) . During the notched beam tests of FRC, the crack initiated from the edge of the notch and propagated to the loading point. Only one crack was observed in each notched FRC beam. The crack became wider with an increase in displacement. The softening behavior of FRC was observed. Table 3 lists the compressive strength, tensile strength and fracture energy of the concrete measured by notched beam tests. Fracture energy (G F ) was calculated from the area under the loaddisplacement curves of notched beams following the equation in the standard 19) . The G F of SF60 was the highest among all the fiber types.
The tension softening curves of eight types of FRC are shown in Fig. 5 . Using a least-squares data-fitting procedure, the shape of bilinear curves of the tension softening diagram can be obtained, as shown in Table 3. The tension softening curves can be divided into two zones. The first zone is immediately after cracking, where the stress abruptly decreases. The second zone is where the stress decreases slowly as the crack opening displacement increases. This zone is important for discussing the shear resisting mechanism of FRC beams because the crack surface displacement at the peak load is in the range of the second zone. The results showed that SF30 had the highest peak stress. However, SF60 resisted the highest stress across the crack after u ≥ 0.12 mm. This is because fiber length increased; thus, the bonding improved. At identical crack opening displacements, steel fibers (SF30 and SF60) transferred a higher stress than synthetic fibers (PP, PVA and PET) due to the former's high tensile strength and anchorage, while hybrid fibers showed moderate stress. There were two mechanisms by which the stress transferred between crack surfaces was lost. SF30, SF60, PP, 30-PP, 60-PP and 30-60 failed in the pull-out mechanism, whereas PVA and PET exhibited both pull-out and cut-off mechanisms. Because the tensile strength of fibers was comparatively greater than their bond strength, pull-out failure occurred.
CALCULATION METHOD OF THE SHEAR FORCES IN FRC BEAMS
From the free-body diagram of a part of the shear span of an FRC beam subjected to point load (Fig.  6) , the equilibrium in the vertical and horizontal directions can be expressed respectively as follows:
where V is the shear capacity of FRC beams, V c is the shear capacity of members without shear reinforcement, V s is the shear carried by stirrups, V f is the shear carried by fibers, T is the horizontal tension, H f is the horizontal component of force carried by fibers and C′ is the horizontal compression. The equilibrium in the vertical direction is discussed in this section. The values of V c and V s can be calculated by Eqs. (3) 20) and (4):
where f' c is the compressive strength of the concrete ), f wy is the yield strength of stirrups (MPa), z is the distance from the location of compressive stress resultant to the centroid of tension steel (z = 7d/8) (mm) and θ is the angle between the diagonal crack and horizontal line measured from the observed diagonal crack (=θ mea. ) (degree).
The equation of V c was originally formulated from reinforced concrete (RC) beams without shear reinforcements. Nonetheless, as well as the modified truss analogy, Eq. (3) was applied for investigating the shear capacity of FRC beams with stirrups. The crack surface displacement of FRC beams with stirrups is in the applicable range of Eq. (3) because the crack surface displacements of FRC beams with stirrups are smaller than those of ordinary RC beams without any shear reinforcement.
The experimental value of the shear carried by fibers (V fexp ) can be obtained from Eq. (5):
According to the JSCE design guidelines 15) , the shear capacity of FRC members can be predicted using Eq. (6). Thus, the experimental value of κ (= κ exp ) can be calculated by Eq. (7). Nevertheless, Eq. (6) was proposed only for steel fiber reinforced concrete members having 1.0-1.5% fiber out of the full concrete volume:
where V JSCE is the predicted shear capacity from the JSCE equation and κ is the coefficient representing the effect of fibers (κ = 1.0) 15) .
EXPERIMENTAL RESULTS AND DISCUSSION (1) Load-deflection relationships
The relationship between the applied load and the mid-span deflection is presented in Fig. 7 . The load-versus-deflection response exhibited a linear relation up to the first flexural crack. After the first flexural crack, the curve still increased linearly until the initiation of a diagonal crack in a shear span. However, the formation of the diagonal crack did not mark the failure of FRC beams with stirrups and various fibers. The stirrups and fibers continued to carry the load until the crushing of concrete, which was the ultimate stage. Crushing was observed above the location of compression bars, where the compression zone was located. All tested beams failed in shear, as indicated by the sudden drop in the load-deflection curves followed by a complete loss of load carrying capacity.
(2) Influence of fiber types on shear resisting mechanism of FRC beams The concrete properties, information regarding diagonal cracks, and calculated and experimental results of shear forces are summarized in Table 4 . (4), (5) and (7). SF60 revealed the highest shear capacity (V exp ) among all specimens. Among specimens with synthetic fibers, PP provided the highest V exp . Nevertheless, the V exp of hybrid specimens was relatively low. This is because of the low f' c in those beams. The shear contribution of concrete, stirrups and fibers is plotted in Fig. 8 . The V c of each specimen was slightly different because of the difference in f' c . On the other hand, V s showed variation due to the deviation from the angle between the diagonal crack and horizontal line (θ mea. ). The variable θ mea. was measured as the angle between horizontal line and the linear line, which connected the points that the diagonal crack passed the locations of longitudinal bar and compression bar, as shown in Fig. 6 . The values of θ mea. are given in Table 4 . The specimens consisting of steel fibers (i.e., SF30, SF60, 30-PP, 60-PP and 30-60) provided a steeper θ mea. than specimens consisting of synthetic fibers (PP, PVA and PET). As a result, the V s of specimens having steel fibers was lower than the V s of specimens having synthetic fibers. Figure 9 shows the average strain of stirrups in the test span. Stirrups in the test span were yielded before the ultimate load.
The experimental result for the shear carried by fibers (V fexp ) of SF60 was the greatest as observed in Fig. 8 , thereby resulting in the largest shear capacity. The specimens that included steel fibers showed a higher V fexp than specimens with synthetic fibers except 30-PP. The V fexp of SF30 was almost the same as those of 60-PP and 30-60. Using hybrid fibers between different fiber lengths (30 and 60 mm) was more effective than using the same length of fibers (only 30 mm). In addition, V fexp increased with the increase in fiber length from 30 to 60 mm. The κ exp of SF30, SF60, 60-PP and 30-60 were greater than 1.0, which is the value recommended in the design guidelines 15) , whereas those of PP, PVA, PET and 30-PP were less than 1.0. In case enough anchorage and bond are provided, steel fibers are the most effective to enhance the shear carried by fibers. This is because steel fibers have high tensile strength.
(3) Diagonal cracking behavior Figure 10 shows pictures of specimens at the peak load. There was only one critical diagonal crack on each beam. Image analysis was performed. The specimens were divided into 15 layers. The pictures of specimens at the peak load were used to measure the information on the diagonal crack of each layer (i.e., crack surface displacement (u i ), length of diagonal crack (L i ), angle of principal tensile strain (β i ) and angle of diagonal crack (θ i )) (see Fig. 6 ). The region of interest for investigation of the shear carried by fibers is the part between the location of compression bars and tensile reinforcing bars, which is 50-250 mm from the bottom of the specimens. The region of interest is where fibers show their tensile performance. The part above the location of the compression bar is considered the compression dominant zone because crushing of concrete happens in this portion. The shear carried by the compression dominant zone is taken into account as a part of V c . Since the tip of the diagonal crack in the tension zone stops at the location of the tensile reinforcing bar, the height of tensile reinforcing bars is treated as the edge of the region of interest.
a) Crack surface displacement
The value of the crack surface displacement of each layer (u i ) along the height of the diagonal crack at the peak load is shown in Fig. 11 . Generally, u i was greater at approximately the middle height of specimens when compared with u i at the top and the bottom of specimens, because of the compression zone at the top of specimens and restraint by longitudinal reinforcing bars at the bottom part of the specimens. The value of u i differed depending on the types of fibers. At the peak load, u i was in the parabolic shape and varied in the range of 0.2 to 1.55 mm, as observed in Fig. 11 . The average values of u i in the Table 4 . By varying types and combinations of fibers, it was found that there was a relation between L and G F . The value of L tended to decrease with the increase in G F (see Fig.  15(a) ). This tendency conforms to the effects of r w and ρ f on L as reported in authors' previous study 16) . This implies that G F can be one factor to represent the shear strengthening effect on FRC members. c) Angle of principal tensile strain and angle of diagonal crack The angles of principal tensile strain (β i ) and diagonal crack (θ i ) of each layer were measured. Table   4 gives the average value of β i in the region of interest (β). The values did not change significantly among these specimens. On the other hand, by considering the average of θ i (=θ), θ varied from 26.5° to 46.9°. The specimens with higher G F revealed a steeper θ than those with low G F (see Fig. 16(a) ).
EVALUATION OF SHEAR CARRIED BY FIBERS USING TENSION SOFTENING CURVES (1) Review of the evaluation method
The authors 16) have previously proposed a method for evaluating the shear carried by steel fibers by using tension softening curves. Tensile stress transferred across the diagonal crack (σ i ) can be converted from crack surface displacement (u i ) using the relationship between tensile stress and crack opening displacement of the tension softening curves.
By considering the force acting at the diagonal crack in an FRC beam due to the effect of fibers (Fig. 6) , the shear carried by fibers (V fcal ) is the summation of forces in the region of interest and can be calculated from Eq. (8) 16) . The height of the region of interest is 50-250 mm from the bottom of the specimens, as described in Section 5(3).
( ) ( )
where n is the number of layers in the region of interest (n = 11), σ i is the tensile stress of the layer i (2) Results of the evaluation and accuracy By using tension softening curves, u i was converted to tensile stress transferred across the diagonal crack (σ i ) at the peak load. The distribution of σ i is shown in Fig. 12 . Although u i of the specimens varied without a clear pattern, the value of σ i was significantly different and a pattern was observed. This is because each FRC transferred a different stress at identical crack surface displacements, as observed in tension softening curves. SF60 resisted the highest σ i , resulting in the largest V fexp . Synthetic fibers resisted relatively low and uniform σ i at the peak load due to their flat slope of the second branch of tension softening curves (i.e., when u ≥ 0.12, 0.16 and 0.10 mm for PP, PVA and PET, respectively).
Hybrid fibers containing SF60 provided high σ i at the peak load because of the influence of the long Height of the specimen (mm) Table 4 . With the increase in G F , σ tended to increase, as observed in Fig. 14(a) .
In addition, the area of the crack surface was calculated from b w , L i , β i and θ i . The area of the crack surface, which is the area of the crack that is perpendicular to the direction of stress, is equal to
, as presented in Eq. (8) . The area of the crack surface was mainly affected by L i and θ i because b w and β i were not varied. The shear carried by the fibers (V fcal ) was calculated using Eq. (8) and is summarized in Table 4 . Although the stress of hybrid fibers was high, the area of the crack surface was short due to the short L i and steep θ i , as observed in Figs. 10(e) and (f) . Thus, the shear carried by fibers did not increase significantly. Figure  13 shows the ratio between the experimental results and calculated values (V fexp /V fcal ) versus G F . The mean of V fexp /V fcal was 0.94 with a coefficient of variation (C.V.) of 13.2%. Good agreement between experimental results and calculated results was observed. The proposed method can be used to evaluate the shear carried by fibers of FRC beams. Moreover, this method can be used when the material types, lengths and combinations of fibers are varied because the tension softening curves can reflect the characteristic of each fiber.
SIMPLIFIED METHOD
In order to obtain V fcal from Eq. (8), image analysis must be performed. Therefore, a simplified equation is developed for practical design purposes. 
where V f is the predictive shear carried by fibers (N), σ is the average tensile stress along a diagonal crack (MPa), b w is the web thickness (mm), L is the crack length in the region of interest (mm), β is the average angle of principal tensile strain (degree) and θ is the average angle of the diagonal crack (degree). The equations of each variable in Eq. (9) are formulated from the experimental results of 17 FRC beams-eight specimens in this study (listed in Table 4) and nine specimens in the previous study 16) (listed in Table 5 ). Table 6 presents the variable, range of each variable and representing parameter of each variable for the experimental cases shown in Tables 4 and 5. The effects of fiber types and ρ f are represented by G F because G F is the parameter that already includes the effects of fiber types, fiber properties and fiber volume fraction 21) . Furthermore, the effect of f' c on the shear carried by fibers is also assumed to be represented by G F in this study. The influence of shear reinforcement is presented by the stirrup ratio (r w ). In addition, the effect of specimen size is represented by effective depth, d. Table 5 Detail of specimens in previous study 16) . Table 6 Variables and representing parameters of the experimental cases in this study and the previous study 16) .
Variables were plotted with d in Figs. 14(c), 15(c) and 16(c) .
The formulation is explained step by step. Firstly, the effect of G F on σ was formulated by the function f 1 (G F ), as shown in Fig. 14(a) . Secondly, the effect of G F was excluded by dividing σ by f 1 (G F ), and the effect of r w on σ/f 1 (G F ) was formulated by the function f 2 (r w ), as shown in Fig. 14(b) . Lastly, the effects of both G F and r w were excluded by dividing σ by f 1 (G F )f 2 (r w ) and the effect of d on σ/f 1 (G F )f 2 (r w ) was ( ) ( ) ( ) formulated by the function f 3 (d), as presented in Fig. 14(c). The formula of σ was obtained from these steps. From Figs. 14(a) and 14(b) , the stress transferred across the diagonal crack increased with the increase in G F and r w . This is because fibers having better fracture properties (G F ) can resist higher stress in post-cracking behavior, whereas stirrups help to restrain the growth of crack surface displacements.
In contrast, σ decreased with deeper d, as presented in Fig. 14(c) .
Using the same procedures, the formulas of L, θ and β were formulated as shown in Figs. 15 to 17 . The formulas of L and θ were separately formulated because the diagonal crack of FRC beams was not a perfectly straight line. The shape of the crack in each layer was sometimes curved. The results revealed that the value of L decreased with the increase in G F and r w , as illustrated in Figs. 15(a) and 15(b) . With the increase in amount of shear reinforcement, L decreased because the diagonal crack became steeper. In addition, when a specimen became bigger, L increased (Fig. 15(c) ). This is because the shape of the crack changed from a straight line to a bilinear shape.
The value of θ increased with the increase in G F , r w and d, as illustrated in Figs. 16(a), 16(b) and 16(c) .
However, β did not significantly change in all specimens (Fig. 17) . Thus, β is proposed to be constant and equal to 63 degrees.
After By substituting β = 63 degrees in Eq. (9), Eq. (10) is obtained. In addition, from the relationships obtained from Figs. 14 to 16, the equations from each variable can be expressed as Eq. (11), Eq. (12) and Eq. (13) . Therefore, the shear carried by fibers can be predicted by the following equations:
( ) Kimura 27) , b) referred G F from Kurihara et al. 25) and c) referred G F from Bencardino et al. 21) .
where G F , r w and d are in N/mm, % and mm, respectively. It is noted that Eqs. (10) to (13) were derived based on the authors' experimental data. In order to clarify the applicability of the proposed equations and to confirm the range of application, the equations were validated with specimens of other researchers. The validation is explained in the next section. The experimental results for a total of 43 beams, namely those from Watanabe et al. 22) , Kodama et al. 23) , Kodama et al. 24) , Dinh et al. 4) and Sharma 8) , were collected (see Table 7 ). Since Dinh et al. 4) and Sharma 8) did not report the G F of their specimens, the G F was taken from Kurihara et al. 25) and Bencardino et al. 21) , which are the papers testing the G F of the steel fibers having the same length, aspect ratio, end type and volume fraction as the steel fibers used in Dinh et al. 4) and Sharma 8) , respectively. The effect of the difference in f' c on G F was adjusted following the JSCE design guidelines 15) . According to the JSCE design guidelines 15) , the tension softening curves of steel fiber reinforced concrete can be drawn as shown in Fig. 18. Based on Fig. 18 , G F , which is the area under the tension softening curve, can be computed from Eq. (14) . It is noted that G F is size-independent material property. The influence of the specimen size on the fracture energy could not be observed 25) . Focusing on the f t of FRC, Wafa and Ashour 26) reported that it consisted of the effect of f' c and the effect of fibers, which depended on the volume fraction of fibers (ρ f ) only, as shown in Eq. (15) .
where f' c1 , f t1 and G F1 are the values of the f' c , f t and G F reported by Kurihara et al. 25) and Bencardino et al. 21) ; f' c2 is the f' c of Dinh et al. 4) and Sharma 8) , f t2 is Eq. (17) and G F2 is the adjusted fracture energy.
The shear capacity of the total of 43 specimens listed in Tables 4, 5 and 7 was calculated following the current JSCE equation 15) (Eq. (6)). Figure 19 presents the ratio between the shear capacity from the experiment and the results obtained from the JSCE equation (V exp /V JSCE ). The JSCE equation underestimates the capacities of FRC beams in all specimens, especially the specimens without stirrups (Avg. = 1.22, C.V. = 13.2%). Even though the specimens whose κ exp is less than 1.0 and V f are overestimated, the JSCE equation underestimates the total shear capacity. This is because V s is underestimated by assuming 45 degrees for θ. Nevertheless, in this study, the value of θ is not constant at 45 degrees and θ is recommended based on the experimental results, which is a more physically correct concept. Furthermore, V f is precisely investigated based on the post-cracking behavior of FRC. As a result, V s and V f are accurately considered in this study.
Tensile stress (MPa) f t Fig. 18 Tension softening curve proposed by JSCE design guidelines 15) .
Crack opening displacement (mm)
The predicted shear capacity (V pre ) of 17 FRC beams from the current authors calculated from the proposed equation (Eqs. (1), (3), (4) and (10)) are listed in Table 4 and Table 5 . The proposed equation can predict the shear capacity of these beams with high accuracy (Avg. = 0.99, C.V. = 8.0%). Moreover, the accuracy of the proposed equation validated with a total of 43 FRC beams is shown in Fig. 20 . The average of the ratio of experimental values to predicted values (V exp /V pre ) is 1.02 with a C.V. of 13.7%. Although the C.V. of the proposed equation almost equals that of the JSCE equation, the proposed equation offers a precise mean ratio. A better C.V. cannot be obtained because some parameters have not been thoroughly focused on in the equation, such as the effect of compressive strength of concrete on the shear carried by fibers, which is assumed to be perfectly represented by the fracture energy in this study.
In conclusion, the proposed equation can predict the shear capacity of FRC beams more accurately than the current JSCE equation. The accuracy significantly improves, especially the accuracy of FRC beams without stirrups. The proposed equation can be applied not only to steel but also to synthetic fiber and hybrid fiber reinforced concrete beams both with and without stirrups. This equation can be utilized in the FRC beams with the following values: 1.5 N/mm ≤ G F ≤ 8.8 N/mm, 0.0% ≤ r w ≤ 0.3% and 187.5 mm ≤ d ≤ 400 mm. This range of G F covers concrete strength for 24.7≤f' c ≤85.5 MPa and fibers having a length of 0.3-0.6 mm. Both round fibers (diameter of 0.55-0.9 mm) and rectangular fibers are also in the range. The applicable range corresponds to the accuracy in Fig. 20. 
CONCLUSIONS
(1) The addition of steel, synthetic and hybrid fibers to concrete beams significantly increases the shear capacity of the beams. Steel fibers are the most effective to enhance the shear carried by fibers when there is enough fiber length and bonding strength due to the high tensile strength of steel fibers. (2) When the fiber volume fraction is 1.0%, the values of κ exp of specimens having steel fibers are greater than 1.0, which is the value recommended in the JSCE design guidelines. On the other hand, the κ exp of synthetic fibers and hybrid fibers between 30-mm steel fibers and polypropylene is less than 1.0. (3) Although the crack surface displacement is larger, the value of stress transferred across the diagonal crack can be higher if the fibers have better post-cracking behavior in tension. Therefore, the tension softening curve, especially the zone where the stress decreases slowly as the crack opening displacement increases, is crucial for explaining the shear resisting mechanism of fiber reinforced concrete. (4) With the increase in fracture energy, the stress transferred across the diagonal crack and the angle of the diagonal crack tend to increase, whereas the diagonal crack length decreases. Nonetheless, the angle of principal tensile strain did not significantly vary in the range of this study. (5) The calculated shear carried by fibers showed a good correlation with the experimental results. The method for investigating the shear carried by fibers based on the tension softening curves can be used even for various types and combinations of fibers. (6) An equation for predicting the shear capacity of fiber reinforced concrete beams was proposed. The proposed equation was found to be able to accurately predict the shear capacity of fiber reinforced concrete beams with and without stirrups. In addition, the equation can be used for various types and combinations of fibers.
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